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^^^ehosihe ^'-diphosphate XAD^ ^ndii^s " human i 
; ; , ^ .platelet; a • . 

r ' '^K^lasej Adenosine 5'-0-(l-thiocliphosphate^ 



^^^at^Af^ receptorand . E35s^^ 



rate of human platelet aggregation as each other. 
Adenosine and prostaglandin E|, which noncompeti- 
tively inhibit ADP-induced aggregation by stimulating 
a wvt ^adenylate cycla^^inhibit ag^ega lion induced by ADP- 
x-S more than aggregation induced by A DP-^-S. ADP- 



servation that PGE| and adenosine are more power- 
ful inhibitors of aggregation induced by vasopressin 
than by ADP (Haslam & Rosson, 1972), is consistent 
with this suggestion; although A^ 
do not act at the same receptor (Macfarlane & Mills, 

as' 'J 



cal importance in reducing the effects of endogenous 
agents such as adenosine and prostaglandins (for exam- 
ple, prostacyclin) to which the platelet may be exposed. 



vides the first opportunity to investigate whether 
inhibition of adenylate, cyclase by ^ADP. receptor 
agonists can limit the effects on aggregation of in- 
hibitors such as adenosine and PGEj . 



Introduction Adenosine 5 '-diphosphate (ADP) 

induces human platelet aggregation (Born, 1962), Methods Human platelet-rich plasma (PRP) was 

and also causes noncompetitive inhibition of stimu- -obtained by, centrif uging citrated venous blood at 
lated platelet adenylate cyclaser(Has^ 




some aggregating agents, such as vasopressin, do not 
inhibit stimulated adenylate cyclase (Haslam & Ros- 
son, 1975), and intracellular inhibition of adenylate 
cyclase does not induce or potentiate aggregation 
(Haslam, Davidson & Desjardins, 1978). In addi- 
ti n, adenosine 5'-0-(l-thiodiphosphate) (ADP-ct- 
S) does not inhibit stimulated adenylate cyclase 
(Cusack & Hourani, 1981b), but induces human 
platelet aggregation to the same extent as adenosine 
5'-0-(2-thiodiphosphate) (ADP-0-S), which does 
inhibit stimulated adenylate cyclase (Cusack & 
H urani, 1981a). 



Adenosine was obtained from Sigma London. 
PGEi was a* generous gift from Dr J. Pike of the 
Upjohn Company in Kalamazoo, Michigan. 
Adenosine 5'-monbphosphorothioate (AMPS) and 
ADP-P-S were obtained from Boehringer Mannheim 
and purified by ton exchange chromatography before 
use. ADP-a-S was synthesized by phosphorylation of 
AMPS as described by Eckstein & Goody (1976). 
The diastereoisomers of ADP-a-S (Eckstein & 
Goody, 1976; Cusack & Hourani, 1981b) w re not 
separated. 
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inhibited more than aggregation induced bv 
ADP-0-S. 3 



Discussion ADP-ot-S and ADP-0-S are partial 
agonists each with an intrinsic activity of about 0.75 
for aggregation at the platelet ADP receptor (Cusack 
& Hourani, 1 98 1 a,b), and the results presented h re, 
where they are directly compared with each other! 
show that they do reach the same maximal rate of 
aggregation. Whereas ADP-0-S (like ADP) inhibits 
stimulated adenylate cyclase (CusacK & Hourani, 



1 r.Sj.A'lVTihl- 1. 



B 

* --,1-'. -J< .*-.*-- ■■ 



1 .10* w ...v .... 1003200 

Cone of ADP-j-S or ofADP-/y-S (um) 



Figure 1 Inhibition by (a) adenosine (10 mm) or (b) 
prostaglandin E (PGE, 40 nM) of human platelet ag- 
gregation induced by adenosine 5'-0-(l- 



ers (Eckstein & Goody 9 1976):Eachdiastereoisomer 
induces human platelet aggregation to the same ex- 

**R£2? 2 d ? Cr adenyfete t cyc-, ^ ^ 

lase. The Sp diastereoisomer is about 5 times more 
potent than the R P diastereoisomer, both as an as- ^ 

mmB?^ sdttulated ad^rp^ * 
;^owani; 198 lb): Since liafc^ 
essentially the same action on human platelets, it was 
not necessary in this study to separate them. ' 

Our results here show that although ADP-a-S (the 
nett effect of the unseparated diastereoisomers) was 
a more potent aggregating agent than ADP-fl-S, 
ADP-oc-S was inhibited more than ADP-0-S both by 
adenosine (Figure la) and by PGEi (Figure lb). Th 
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bited aggregation induW^ XD^^^"AlM^ft. * e , F,it2 S ^l 8 L for ^ ui P ment 8™* — 

S. In the presence of adenbL* (Figure la) oHPg£ KSV^I ^ ncou W 

rPionr*. • j \j fl ^tT« « 1 ment. Blood was taken by Dr C.G. Fenn of this department. 

(Figure lb), aggregation induced by ADP-ct-S was Correspondence to S.M.O.H. please. ^ 
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Table 2 Effect of Inhibitor Combinations on "C-Adenosine Uptake by 

Human Platelets 



(A) Inosine 


5 


Dipyridamole (M x 10" 9 ) 
24.5 1.25 


None 


2.5x10-* 
5 x 10" 5 
Buffer 


67.2 (64)* 
62 (46) 
42f 


54.7 (60) 
34 (37) 
27.6 


48.3 (57 7) 
29(23) 
8 


50.3 
30 
0 


(B) Hypoxanthine 
2.5x10-* 
5 x 10- 5 
Buffer 


60(49) 

/iA\ 

60 (49) 
42 


37 (36) 
41 (32) 
29 


28(18) 
30 (19) 
15 


16 

3.5 
p 


(O Adenine 
2.5 x 10-* 
5xl0" 3 
Buffer 


71.5 (60) 

66(60) 

47.5 


44.5 (44) 
40(37) 

34 


39 (34) 
33 (17) 
10 


25 
19 
0 


(D) Uric acid 
3.8 x 10- 9 

^-i ..Buffer 


57.5 (56) 
46 


34(27) 

26 .:. 


21.(15) 


,4 

o .; 
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Adenosine Inhibition of Human 
Platelet Aggregation by ADP 



• t At 




>4>k;x;Platelets in PRP. were 
.if > : inosine . or' dipyridamole), fpr 
^ - added and incubation continued 
v ( v f (0.05 uCtymol) :was>then\aUded to the rnixture 
was either stopped or continued for . 20 ; mih: " 
carried out at 37° C and stopped by the addition < 

M final concentration 12 . The mixture was then treated as described . A , . 4 , t . . , _ _ 

in Table 1. Human citrated platelet-rich plasma was incubated at 37° C 

* Results in parentheses are where dipyridamole was added first. with either inosine or hypoxanthine at a final concentration of 
t The counts per min associated, with platelets treated only with io^ M or uric acid at 3.8 x 10" 9 M for various times before 
buffer were arbitranly called zero percentage inhibition.' ' - ADP (5 x 10~ 6 M) was added. The effects on aggregation 

« were followed by the method of Born*. 




(2.5 x 10 -4 or 5 x 10" 5 M) plus dipyridamole, the decrease in 
adenosine uptake did not depend on the hypoxanthine con- 
centration but again depended on the order in which the agents 
were added (Table IB). 

Combinations of adenine (2.5 x 10 -4 or 5 x 10~ 5 M) with 
dipyridamole increased the inhibition of uptake but did not 
depend on adenine concentration. As with hypoxanthine, inhi- 
biti n depended on the order in which the agents were added 
(Table 2C). Uric acid (3.8x 10~ 5 M) decreased the i inhibition ^ 
f ^corporation of adenosine into platelets^Tightly and only T 



the inhibitory effect of adenosine alone had disappeared (Fig. \)T 
Hypoxanthine (10 -3 M) inhibited aggregation by ADP slightly 
and only after 90 min (Fig. 1).' Inosine plus hypoxanthine 
inhibited induced aggregation much more than either sub- 
stance did alone. Inhibition was observed after 5 min and 



IP' 




,>X produced by inosine or hypoxanthine was due : to their break!: $ 



20 




Omin 



** i". 4;'*!'- ^£^1 - 





i ! ^ 

In sine, hypoxanthine and . tf ^pQ^dLaxnbte^ *. sinjeXy- "or, ?inVcom--- -^Sl^ i^^r""/" ^rgBi* '^^rn^^w^^ 
i binati n, therefore seeni ^ todnhibitjadenosine uptake 
at the platelet membrane: ^v^^y^ ^ a vvi' ^ i- f ' 
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Fig. 1 Effect of inosine and hvpoxanthine al ne and in 
combination on ADP-mduced p 1 s !et aggresation in human 
citrated PRP. a, Buffer; b, ade i "nc (10-* M); c, inosine 
(10- 9 M); </, arfenosme+inosine. . ime of incubation before 
addition of ADP (5 x 10-* M) given at top of graphs. 
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platelet aggregation in human citrated PRP. a, Buffer; 
6 f adenosine (2.5 xio- 6 M); c, hypoxanthine (10-?. M); 
d, - adenosine + hypoxanthine. Time of incubation before 
. addition of AX)P (5 x lO" 6 M) given at top of graphs. _ 

maintained for at least 90 min (Fig. 1)... Uric acid did not 
influence aggregation of human platelets by ADP. 

It is difficult to explain how these agents affect aggregation 
but several possibilities may be considered. Plasma inosine 
and^hyppxahthine^may equilibrate to give a mixture of both 
agents and perhaps generate - ao^hosine?' ' These cbmpouhds 



1 ^KW ; ^ ^ 'fFT^^yj i ^iwMmuinc^ on aaenosme lnniDition of 
ADP-induced platelet aggregation in human citrated PkP 
a, Buffer; 6, hypoxanthine (lO" 3 M); c, inosine (10~ 3 -M)" 
hypoxanthine + inosine. Time of incubation before addition 
of ADP (5 x 10- 6 M) given at top of graphs. 




^^^ternattvel^ 

^;^%-irfateIel^ndibn^esseritia aggregation! : The accumulation j;. . ;;' X ■ 1 fe Kfi^-^ffl;^- 

•V->5iWih *sme v and^hyj^xanthinejn plasma may' i^^'explam^W^ % C S :ai * ^a^i^^^^^^*?*-?*^ s ^ ^ : - - r > 

•loss of res^ to ADP of platelets durmg storage. v L - -2v':-; v^^r^-.-^-.-- V 1 ? m,n -->-: - 



5 min 




$p$s of iresponse to 'ADP of platelets during storage. 

"Human citrated platelet-rich plasma was incubated with 
in sine or hypoxanthine at 10~ 3 M and with adenosine at 2.5 x 
10- 6 M or 5x ID- 6 M for various times before addition of 
ADP at 5 x 10- 6 M. The addition of inosine increased and 
prol nged inhibition by adenosine, and this inhibition disap- 
peared slowly later (Fig. 2). The combination of hypoxan- 
thine and adenosine produced immediate inhibition which 
became complete after 5 min, but disappeared slowly with 
further incubation. After 90 min, hypoxanthine by itself was 
as effective as in combination with adenosine, whereas the 
platelets preincubated with adenosine were more sensitive to 
ADP than controls after 90 min (Fig. 3). 

Inosine, hypoxanthin and aden sine all together gave, an 
immediate inhibition and the inhibition was complete after 
40 min. After 90 and 120 min, a little aggregation was 
restored (Fig. 4). 

Inosine at the concentrations used strongly inhibits adeno- 
sine incorporation 1 ' 2 and adenosine deaminase activity (ADA). 
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Fig. 4 Effect of a combinati n of inosine and lrypaxanffiine 
on adenosine inhibition of ADP-induced platelet aggre&tion 
m human chrated PRP. *> Buffer; b % adenosine (Z5 x 10~* M); 
c, adenosine (2Jxl0-« M)+ inosine (10* 5 M); d % adenosine 
£5x10-* M)+ inosine (10-* M)+ hypoxanthine (XOr* M). 
Time of incubation before addition of ADP (5 x1a- 5 M) given 

at top of graphs. 
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Inosine therefore inhibits both systems for removing plasma 
adenosine. Adenosine ought theref re to remain in the plasma 
when inosine is present and inhibit aggregation for longer. 

Hypoxanthine docs not inhibit adenosine incorporation 
into human platelets 1 * 2 nor does it influence the action of 
olasma ADA at the concentrations we used. A combinati n 
of hypoxanthine and adenosine may inhibit aggregation s 
effectively because adenosine, inosine and hypoxanthine equili- 
brate to form a mixture that inhibits aggregation by ADR 
Any inosine produced will inhibit the incorporation of adeno^ 
sine and thus reduce the loss of adenosine. After 90 min incu- 
bation of platelet-rich plasma with either hypoxanthine or 
hypoxanthine plus adenosine, we observed the same inhibition 
of aggregation by ADP. This may have been due to the 
equilibration of hypoxanthine or hypoxanthine plus adenosine 

n in the same proportions. • . .. , 

Inosine inhibits the incorporation of adenosine into human 

- platelets whereas hypoxanthine does notV vThe effect of these 



213 



0.5 //m 



•v.- - agents on the conversion of adenosirieVihten^ i i • , 

.inhibited by hypoxanthine, it somehow inhibits.the conversion; * : Siipk.«»n«« ----- - • 'W"" • • ■< 

adCTosirie^intlj nucleotides: ■■ If 1 tWsVwe|e >oSnypoxihthihe: 



might allow adenosine to remain In tne memlrarie antf so exert 
an inhibitory effect for a longer time. This suggestion is 
similar to Holmsen and RozenbergV explanation how papa- 
verine augments adenosine inhibition oh aggregation. They 
suggest that papaverine might retard the transport of adenosine 
; across.the platelet membrane. . ; . . .. 

%' 'M r? n ' thjslbasis;! inosine J and; hypoxanthihe\lii combination 
i would be expected/ to i^entiate : iurlfier^ by 
* . ; v adenosine (Fig., 4). Our, observationsiare compatible .with- the 
' assumption of Holmsen and Day 6 that the inhibitory concen- 
tration of adenosine is extremely small and not accessible to 
extracellular enzymes. 
This work was supported by a grant from INSERM: 

J. P. Caen 
C. S. P. Jenkins 
H. Michel 
R. Bellanger 

Department of Hemostasis, 
;<vT;, fy?M tu f de-Recherches stir Jes Maladies du Sam, ^ - ' . 



However, ganglia of gastropod molluscs do not seem to 
possess enzymes that inactivate 5-HT 7 - 8 . Gerschenfeld and 
StefanH have.suggested that diffusioa.plays,an impprt.ant.role, 
in terminating the action of 5-HT in molluscan nervous tissue, 
^ but it seems jilcely^that a. ceHular uptake of 5-HT is also 
? 3 involved^ TTiisis^^^ 
;j| of S^HXiby theYsnaili central ganglm.(bur^ 
% markedly potentiates serptoninergi^ 

I There is also evidence that axons in infer heart? of ^Aolysia 1 
takeup5-HT 10 . - 
We have investigated the site of 5-HT uptake* in the snail 
-nervous system using autoradiographic techniques. - The 
results obtained show that the amine is taken up in a highly 
selective manner by certain axon processes and presumed 
nerve endings some of which occur in regions thought to contain 
serotonergic synapses. 
Two types, of experiments were made with specimens of the 
- snail He1ix*poimtia.^i\)»»f^ type,, a cannula, was inserted . , 



•) 1 r % f "^ t> rs • if:'? ■■ 




6 Holmsen, H., and Day, tf . J^^fe^^ 



exjreririieritsV 

R nTPnhPro m * :h~' : 'Z£tfxiZiZr£ *YZT'A V*^ - - . ? *■ ^ «;»u^ wi»a uacu, in giuutraiuenyae anaf osmium tetroxide solu- 

^ ^ sections - were xo^^ 'Kodak ; AR. 1 0' 1 stripping , film, 

^ exposed from ^ 

I D.19* developer. For electron microscope autoradiography, 
thin *Araldite* sections were covered with a monolayer of 
Word L.4* emulsion by a loop technique 13 , exposed from 1 to 
4 months, and subsequently developed in 'Kodak Mikro- 
dol-X\ 

Under the experimental conditions used, 5-HT was taken up 
selectively by some axons and presumed endings in the neuro- 
pils region of each central ganglion. Certain axons in the 
connective tissue sheath of the ganglia and in the peripheral 
musculature also accumulated 5-HT. A common feature of 
all the labelled axons was the presence of vesicles with electron- 
dense c res (Fig. 1). These vesicles have an average diameter 
of 100 nm and are m rph 1 gically identical to those which 
sequester 5-HT in the giant 5-HT-containing cell in the cerebral 
ganglion of the snail and closer/ related slug, Limaxmaximus 1 *; 
similar dense-cored vesicles have been shown to contain 5-HT 
in the Retzhis cell of the leech 15 . Because many of the labelled 
snail axons contained many vesicles in neuropile regions, they 
are probably terminal regj ns f axons cJ set nerve ndings. 



Selective Uptake of 5-Hydroxytrypt- 
amine by Axonal Processes in Helix 
pomatia 

The neurotransmitter substances released from presynaptic 
terminals may be inactivated in different ways: (1) by meta- 
bolic conversion to inactive substances, (2) by diffusion away 
from the synaptic area, or (3) by cellular uptake from the regi n 
of the synaptic cleft; f r example, by re-uptake into the pre- 
synaptic terminals 1 . 

5-HyaYoxytryptamine (5-HT)— often referred to as sero- 
tonin—is very probably a neurotransmitter in the central nervous 
system of gastropod mofluscs 2 * 3 , and there is go d evidence that 
this amine is also involved in mediating nrairally induced cardio- 
acceteration 4 ' 9 and muscle relaxation 6 in some bivalve molluscs. 
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maintained at the low levels. During hypoperfusion, coronary flow was kept 
low but constant with a massive release of adenosine. When 

8 -phenyl theophylline, an adenosine receptor antagonist, was infused during 
coronary hypoperfusion, coronary blood flow (18 +/- 2 ml/ 100 g/min) 
gradually decreased at 5-10 minutes of ischemia and reached almost zero at 
20 minutes. Three minutes after the onset of ischemia, before further 
reduction of coronary flow, the microscopic examination revealed the 
existence of thromboembolization in the small coronary arteries, and the 
number of platelets in the regional coronary venous blood were 
significantly decreased, indicating that a further reduction of coronary 
flow due to treatment with 8 -phenyl theophylline is attributed to 
thromboembolism caused by platelet aggregations. This reduction of 
coronary flow and formation of thromboembolism were inhibited by the 
treatments with dibutyryl cAMP, forskolin, and yohimbine, indicating that 
this thromboembolization during a lack of adenosine activity is due to 
platelet aggregation and that platelet aggregation caused by 
8-phenyltheophylline is triggered by stimulation of alpha 2 -adrenoceptors 
by released norepinephrine during ischemia. We demonstrate that adenosine, 
generated endogenously in response to ischemia, inhibits 
platelet aggregation. The finding that adenosine 

is not merely a vasodilator but that it also regulates thrombosis has 
major implications for designing new strategies of myocardial salvage. 
TI Endogenous adenosine inhibits platelet 

aggregation during myocardial ischemia in dogs. 
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'Department of Pharmacology, Karolinska Institute, Stockholm, Sweden, and Departments of 2 Anaesthesioiogy and 'Clinical 

Pharmacology, Karolinska Hospital, Stockholm, Sweden 
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SUMMARY 

1. The anti-aggregatory effect of adenosine (0,3-10 
fimo\/\) t alone or in combination with the adenosine- 
uptake inhibitor dipyridamole (2 ^mol/1), was studied in 
vitro in whole blood from 11 healthy subjects by 
filtragometry. 

2. ADP (0.05-0.1 ^mol/1) was used to reduce the 
filter occlusion time (r A , a measure of platelet aggregate 
formation in blood) from approximately 600 s to 
71-101 s in the absence of other agents. 

3. Adenosine was infused into the tubing system of the 
filtragometer, yielding a contact time of ~ 25 s with the 
blood before the filter. Adenosine did not influence the 
aggregatory response to ADP significantly at 0.3 /<mol/l 
in plasma, whereas t A was prolonged by 19 ±6% 
(?<0.02) at 1 /<mol/l adenosine and by 259 ±78% 
(P< 0.02) at 3 ^umol/1 adenosine. 

4. When the rapid elimination of adenosine from 
plasma was prevented by 2 /imol/l dipyridamole, 
adenosine caused marked prolongation of ADF-induced 
f A , with significant effects at 0.37/mol/l ( + 143 ±72%, 
P< 0.05). Dipyridamole perse did not affect / A values. 

5. The present results suggest that adenosine has a 
transient anti-aggregatory effect in whole blood at about 
0.3 jumol/l, as this is the highest possible calculated 
concentration of adenosine at the filter of the apparatus 
when 1 jumol/l adenosine is infused in the absence of 
dipyridamole or when 0.3 /*mol/l adenosine is infused in 
its presence. 

6. It is concluded that adenosine has anti-aggregatory 
effects at submicromolar (physiological) concentrations in 
human whole blood. The effect of adenosine seems to be 
transient, indicating a role for adenosine as a localized 
platelet-stabilizing factor in the vicinity of, for example, 
the endothelium. 



Correspondence: Dr Alf Sollevi, Department of Anaesthesi- 
ology, Karolinska Hospital, PO Box 60 500, S-104 01 
Stockholm, Sweden. 



Key words: adenosines-dipyridamole, platelet aggregation, 
whole blood. 



INTRODUCTION 

Platelet aggregation is inhibited by adenosine [1] via 
enhanced accumulation of cyclic AMP [2). Adenosine 
stimulates adenylate cyclase through specific cell-surface 
receptors of the A 2 -type [3, 4], Adenosine has an 
extremely short ( < 10 s) half-life in plasma [5], primarily 
due to cellular uptake. The basal free plasma concentra- 
tion of adenosine in normal human blood has varied when 
measured in different studies, but is in the range 0.02-0.3 
^mol/1 [6-8], Adenosine levels in plasma may be 
increased in micromolar concentrations during various 
physiological or pathophysiological conditions [8, 9]. Due 
to the rapid elimination of adenosine in blood during 
incubation in vitro, it has been difficult to demonstrate 
anti-platelet .effects -of -adenosine . at physiological concen- 
trations. With whole-blood impedance aggregometry, 
adenosine inhibits aggregation at 1-5 /imol/1 [10). With 
filtragometry [11], which measures the presence of 
platelet aggregates in continuously drawn blood, it might 
be possible to study the influence of labile antiaggre- 
gatory compounds by infusing them into the tubing 
system through which the blood is drawn. 

The aim of this study was thus to determine whether 
physiological concentrations of adenosine inhibit platelet 
aggregation in whole blood by using the filtragometry 
technique. For these studies aggregation was enhanced by 
ADP. Furthermore, the effects of dipyridamole, which 
prevents the elimination (due to inhibition of uptake) of 
adenosine from plasma [12], were studied in the presence 
and absence of exogenous adenosine. 



MATERIALS AND METHODS 

Blood from 11 healthy male subjects, who had not taken 
-any -aestylsalioylic -acid -during the preceding -14 -days and 
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who had refrained from methykanthine-containing 
beverages for 12 h, was studied. The protocol was 
approved by the Ethics Committee of the Karolinska 
Institute. 

Blood (250-300 ml) from an antecuhital vein was 
drawn into siliconized syringes with 1/10 v/v saline (154 
mmol/1 NaCl) containing low-A/ r heparin (Fragmin; Kabi, 
Stockholm, Sweden; final concentration 10 i.u./ml 
of blood). The blood was stored in a plastic bag and 
was -continuously -mixed -on a rocker platform. Platelet 
counts were unaffected by 6h storage [(-1-8-1 ±17)- 
(183 ± 18) x 10y\]. 

The filtragometry technique [1 1, 13] uses a nickel filter 
with 20 /*m pores and measures the time in seconds for 
platelet aggregates to partly occlude the filter (f A ). 
Pressure transducers record the pressure differential 
(AP) across the filter at 37°C. As platelet aggregates 
gradually occlude the filter, AP is raised. The perfusion 
pressure difference is recorded on a strip-chart recorder. 
When the filter is occluded to approximately 25% ( - AP 
corresponding to 5 mmHg) the t A is determined. The 
plastic tubing system was filled with 3.8% (w/v) sodium 
citrate which was filtered and degassed before use in 
order to remove particles and air bubbles in the system. 
For each measurement 20 mi of blood was transferred to 
a plastic vial and was continuously stirred with a Teflon 
stirring bar. Blood was drawn from the vial with a motur- 
driven syringe (flow rate 2 ml/min). To enhance aggrega- 
tion, ADP (final concentration in plasma 0.05-0.1 
jumol/1) was infused at the beginning of the tubing system.. 
Adenosine (final concentration in plasma 0.3-10 /*mol/l) 
was also infused at the beginning of the tubing system at a 
flow rate .of G.Q8 ml/rain, Xhe Jtraasil .time from the drug 
infusion site to the filter was approximately 25 s. The 
tubing system and all equipment in contact with blood 
were siliconized. Dipyridamole experiments were per- 
formed by preincubating the blood in the vial for 2 min 
with continuous stirring. Saline infusion was the reference 
for unstimulated blood. ADP challenge without other 
drug treatment was intermittently performed throughout 
the experiment as control. The influence of antiaggrega- 
tory drugs was studied by comparison with t A values 
during ADP controls run before or after the treatment 



investigated, and was expressed as percentage change. 
Filtragometry data are expressed as f A in s. 

Because of the asymmetrical distribution of t A data, 
logarithmic transformation was performed [11]. Statisti- 
cal differences were evaluated by Wilcoxon's signed rank . 
test. A P value of less than 0.05 was considered signifi- 
cant Data are shown as means ±sem or as percentage 
change from control 

Adenosine was obtained from Calbiochem (La Jolla, 
-CA, -U.S A,-). ADP was purchased -from Sigma (St JLouis, 
MO, -USA.). -Dipyridamole, was -supplied liyJBrahringer 
(Ingelheim, Germany). Fragmin was a kind gift from Kabi 
Vitrum AB (Stockholm, Sweden). The drugs were 
dissolved in saline. 

RESULTS (FIG. 1 AND TABLE 1) 

The t A in unstimulated blood (saline infusion) ranged 
from 398 s to >682s, with a mean (±sem) value of 
567 ± 35 s. ADP (0.05-0.1 /<mol/l) decreased f A to 




ADP (0.05-0.1 ^mol/l) xxxxxxxx xxxxxx 
nADO tumol/l) 0.3 -1 -3 -10 X>3 -1 - 
DIP (2 ^mol/l) — — — — xx- 

Fig. 1. t A measured by filtragometry during ADP stimu- 
lation (0.05-0.1 ^mol/1) and the influence of adenosine 
(0.3-10 /rniolA) or adenosine plus dipyridamole (2 //mol/ 
1), expressed as the logarithm of f A . Values are 
means ±sem. Untransformed values and percentage 
changes are shown in Table 1, as are the numbers of 
•observations. Significance values -represent comparisons 
with corresponding ADP controls. Abbreviations: ADQ, 
adenosine; DIP, dipyridamole; NS, not significant. 



Table 1. Effect .oJ-adennsin* and .adenosine .plus dipyridamole on ADP-induced aggregation in 

human whole blood, as assayed by filtragometry in vitro 

t At the percentage change in t A compared with the ADP control, the numbers of observations and 
the significance levels are shown; Values are means ± sem. Abbreviations: ADO, adenosine; DIP, 

dipyridamole. 



0.3 /rniol/1 ADO 
1 /fliiol/l ADO 
3 ^mol/1 ADO 
lO^mol/lADO 

0.3 /onol/l ADO + 2 ^mol/1 DIP 

1 ^mol/lADO+2^mol/lIUP 

2 /<mol/l DIP 



n 



(s) 



6 
11 
7 
5 
5 
5 
5 



114±16 
122±11 
442 ± 76 
384 ±90 
284±119 
421 ±128 
133 ±44 



Change in t A 
from ADP 
control (%). 



3±10 
19 ±6 
259 ±78 
210±81 
143 ±72 
240 ±96 

7±6 



P value 



>0.8 

<0.02 

<0.02 

<0.05 

<0.05 

<0.05 

>0.2 
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96±6s (range 71-101 s) at the start, and to 131 ±16 s 
(range 68-238 s) at the end of the experiments. ADP- 
stimulated / A values were not significantly influenced by 
0.3 ^mol/1 adenosine. At 1 ^mol/1 in plasma at the site of 
infusion, adenosine prolonged t A by approximately 20%, 
and this prolongation was further increased (to above 
200%) by higher adenosine concentrations. Preincubation 
of the blood with dipyridamole (2 fimal/l) had no 
influence per se on ADP-stimulated f A values. An even 
higher dipyridamole concentration (13.3 /jmol/l) was 
used in one subject without affecting ADP-stimulated t A 
values (101s versus 103 s). In the presence of di- 
pyridamole, adenosine antagonized ADP-induced aggreg- 
ability at 0.3 /<mol/l, producing a 143 ±72% (P<0.05) 
prolongation of / A . This -effect of adenosine was -further 
enhanced at 1 /*mol/l in the presence of dipyridamole 
( + 240±96%,P<0.05). 

DISCUSSION 

Filtragometry [11] proved to be a sensitive method -for 
studies of platelet aggregability in vitro, as ADP enhanced 
aggregation (i.e. shortened r A markedly) at concentrations 
of 0.05-0.1 jumol/L Conventional techniques in vitro 
require micromolar concentrations .of ADP, .whether in 
whole blood using impedance methodology [14] or in 
platelet-rich plasma using the turbidimetric technique [1J. 
The specificity of filtragometry as a measure of platelet 
aggregation has been evaluated previously. Using 
scanning electron microscopy to visualize the filter, it is 
evident that filter occlusion is mainly due to platelet 
aggregates; only a few trapped erythrocytes are observed. 
Aggregated or entrapped leucocytes are not seen on the 
filter [11]. Work in our laboratory (N. H. Wallen et aL, 
unpublished work), using the filtragometer in vitro, show 
no significant difference in the EC 50 for ADP between 
whole blood and platelet-rich plasma (which does not 
contain leucocytes or erythrocytes). This further supports 
the concept that the filtragometer really measures platelet 
aggregates and that the contribution of leucocytes and 
erythrocytes to filter occlusion are of minor importance. 
Filtragometry revealed that adenosine inhibited the ADP- 
induced platelet aggregate formation in whole blood at a 
plasma concentration of 1 /imol/1 without and at 0.3 
jumol/1 with the adenosine-uptake inhibitor dipyridamole. 
The latter drug had no effect per se. Adenosine is rapidly 
removed from plasma, mainly by active uptake into 
erythrocytes. Enzymic removal by adenosine deaminase 
seems to be of importance only at high substrate concen- 
trations [15]. The half-life of adenosine in human un- 
diluted whole blood is less than 10 s at micromolar 
concentrations of the compound [5], The elimination of 
low adenosine concentrations (0.1-1 ^umol/1) may be even 
more rapid in blood [8]. As the estimated contact time for 
adenosine with the blood before it reaches the filter of the 
filtragometer is approximately 25 s, the .adenosine -con- 
centration is reduced to less than 0.3 /imol/1 in the vicinity 
of the filter when 1 /*mol/l is infused. Adenosine at a 
concentration of 0.3 /*mol/l had no effect perse, but was 
effective in the presence of inhibition of adenosine uptake 



by dipyridamole. Our data therefore indicate that sub- 
micromolar concentrations of adenosine have antiaggre- 
gatory effects in human whole blood. 

It may be hypothesized that the effect of adenosine is 
short-lasting and that it is the adenosine concentration 
near the filter which was the relevant one. The effective 
concentration of 1 /<mol/l added adenosine would be less 
than *0;3 /<mol/l close to the Tilter "in the absence of 
dipyridamole and approximately the same as at the sitextf 
infusion in its presence, since adenosine deaminase is of 
minor importance compared with elimination by uptake 
[15]. Since adenosine was more than three-fold more 
potent in the presence of dipyridamole and the contact 
time was short, our data indicate that the anti-aggregatury 
■effect -of the -compound is dependent on -its continuous 
presence. Thus a short-lasting elevation of the adenosine 
concentration to 0.3 ^wmol/1 in the blood upstream could 
not maintain the antiaggregatory response at the filter, 
suggesting that -brief activation of adenosine receptors 
also causes short-lasting antiaggregatory effects. Dipy- 
-richnnule does not have platelet-inhibiting effects 
mediated by phosphodiesterase inhibition, as antiaggre- 
gatory responses to high dipyridamole concentrations (50 
//mol/l) in whole blood are blocked by treatment with 
adenosine-deaminase [16], The antiaggregatory* response 
to dipyridamole has indeed been attributed to raised 
plasma adenosine concentrations in other assay systems 
[10, 17]. In agreement with these findings, we found no 
effect of dipyridamole per se. The concentration mainly 



12] and is 
8]. 



used by us (2 ^mol/1) is clinically relevant 
effective for uptake inhibition in human blood 

How might adenosine then influence platelet function 
in vivo? The present results, showing transient anti- 
aggregatory effects at physiological concentrations of 
adenosine, suggest that enhanced adenosine release from 
endothelial cells, during for example hypoxia [18], would 
produce a local effect. Such a modulating effect of adeno- 
sine may be an additional mechanism in the regional 
control of platelet function and haemostasis. 
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